Background and Objectives: Aminoglycoside antibiotics are commonly used in chronic kidney disease stage 5 patients. The purpose of this study was to characterize gentamicin pharmacokinetics, dialytic clearance, and removal by hemodialysis and to develop appropriate dosing strategies.
A ccording to the U.S. Renal Data System, infections are a major cause of morbidity and mortality in hemodialysis patients (1) . Several studies have been performed evaluating gentamicin pharmacokinetics in patients with chronic kidney disease (2) (3) (4) , and numerous others have evaluated gentamicin removal by "traditional" hemodialysis, (2, 3, (5) (6) (7) (8) (9) (10) (11) newer dialytic techniques (12) , and alternative dosing strategies (13) (14) (15) (16) . The removal of gentamicin by the dialyzers studied is highly variable across these studies and is due in part to the different types of dialyzers used, length of dialysis sessions, hemodialysis operating characteristics, patient characteristics, delivered Kt/V, etc.
Current dosing guidelines for gentamicin use in patients with renal failure (17) receiving hemodialysis suggest that one half of the "full dose" should be given after hemodialysis. The widely used guideline did not make reference to the type of dialyzer being used or any other hemodialysis treatment characteristics, even though these characteristics greatly influence gentamicin dialytic clearance (7) . Because gentamicin and other aminoglycosides have a narrow therapeutic index, optimization of therapy while minimizing the risk of toxicity to residual renal function or vestibular toxicity is important for these patients with renal failure who have prolonged exposure to the drug. In addition, because the peak gentamicin serum concentration to minimum inhibitory concentration (MIC) ratio and area under the curve (AUC)/MIC ratio are the most important predictors of efficacy for aminoglycosides, opportunities to maximize therapeutic goals while minimizing risk of toxicity are important (18) . Efforts to maximize these pharmacodynamic parameters have been successful in other populations (19, 20) , but not in patients receiving hemodialysis. This is due to the difficulty in achieving high peak/MIC ratios while minimizing "trough" concentrations with conventional dosing regimens. A novel way to administer aminoglycosides to patients receiving hemodialysis, such that pharmacodynamics may be maximized, was described a decade ago (13) and more recently evaluated (14, 15) . These studies evaluated the potential for administering aminoglycosides immediately before hemodialysis, rather than after hemodialysis. Administration in this fashion more closely mimics extended interval aminoglycoside dosing, maximizing peak concentrations while minimizing extended exposure.
The purpose of this study was several-fold: to characterize gentamicin pharmacokinetics in otherwise healthy patients with chronic kidney disease requiring chronic hemodialysis, to determine the dialytic clearance and removal of gentamicin by hemodialysis with a CAHP-210 hemodialyzer, and to investigate the relationship between gentamicin removal and urea and creatinine removal during hemodialysis. Finally, our study was performed to investigate novel gentamicin dosing strategies through pharmacokinetic/pharmacodynamic simulation techniques to explore regimens that may maximize pharmacokinetic/pharmacodynamic relationships as compared with conventional gentamicin regimens used in patients with chronic kidney disease stage 5 receiving hemodialysis.
Concise Methods

Subjects and Study Protocol
Eight subjects from the outpatient hemodialysis unit at Indiana University Hospital (Indianapolis, IN) were enrolled in the study. Individuals were considered for enrollment if they were at least 18 yr of age, received maintenance hemodialysis three times weekly, had no acute concurrent illness, and their postdialysis body weight was within 30% of their ideal body weight. Subjects were excluded from the study if they had a history of gentamicin allergy or had received gentamicin within 3 wk of study initiation. The study was approved by the Indiana University-Purdue University Indianapolis Institutional Review Board. All subjects gave written informed consent before participating in the study.
After completion of a scheduled hemodialysis session, each subject received gentamicin 1.5 mg/kg as a one-hour intravenous infusion, through the venous hemodialysis access needle that was kept in the patient for this purpose. Venous blood samples were obtained immediately before and 0.5, 1, 1.5, 2, 3, and 5 h after the infusion was started from the predialyzer port of the subject's hemodialysis access that was kept in the patient for this purpose. Subjects returned to the hemodialysis center the following day, and the 24 h blood sample was obtained by direct venipuncture. Subjects returned to the hemodialysis center the following day for their next hemodialysis session and at approximately 44 h after the initiation of gentamicin administration (just before their hemodialysis session), a blood sample was obtained from the predialyzer port of the subject's hemodialysis access.
At the midpoint of the hemodialysis session, simultaneous blood samples were obtained from the predialyzer and postdialyzer access ports of the hemodialyzer circuit. Additional venous blood samples were collected at the end of that hemodialysis period, and 0.5, 1, 2, and 4 h after the completion of hemodialysis.
All blood samples described above were collected into nonheparinized evacuated blood collection test tubes and allowed to clot at room temperature for at least 30 min. The samples were then centrifuged and the serum harvested and stored in the Ϫ70°C freezer until assayed.
All subjects were dialyzed with a new, nonreused cellulose acetate high performance (CAHP-210) hemodialyzer with a surface area of 2.1 m 2 , and ultrafiltration coefficient of 13.2 ml/h per mmHg. The hemodialysis treatment was 3.5 to 4 h long. The hemodialysis operating characteristics were the same as used for their regularly scheduled hemodialysis treatments.
Analytical Methods
Serum concentrations of gentamicin were determined by the enzyme multiplied immunoassay technique. Linear calibration curves were obtained for gentamicin over the concentration range of 0.5 to 10 g/ml. Samples with concentrations above this range were diluted and reassayed. The within-day and between-day coefficients of variation for replicate control samples were less than 12% at 1 g/ml and 8 g/ml. Urea nitrogen and creatinine concentrations were determined by colorimetric methods. This assay had an intra-and interassay coefficient of variation of less than 5%, for both creatinine and urea nitrogen.
Pharmacokinetic Analysis
Differential equations describing a two-compartment, open-pharmacokinetic model were fit to each subject's gentamicin serum concentration-time data using the Bayesian estimator in the Adapt II (21) software package. 
where HCT is hematocrit, Q b is blood flow rate, C a is the observed concentration of solute (gentamicin, creatinine, urea) in the arterial port of the dialyzer circuit, and C v is the observed concentration of solute (gentamicin, creatinine, urea) in the venous port of the dialyzer circuit.
Rebound was calculated using equation 5:
where C postdialysis is the observed concentration of solute obtained from the venous port of the dialyzer circuit after hemodialysis was completed and Cend is the maximum observed concentration of solute after hemodialysis was completed. Equilibrated Kt/V urea was calculated using an "equilibrated" single pool model that used a predialysis and 30-min postdialysis BUN using the method of Daugirdas (22) . Urea volume of distribution (V urea ) was calculated by the Watson method (23). The 30-min equilibrated urea reduction ratios was defined as:
Statistical Analysis
Linear regression analysis was used to investigate the relationship between measures of urea and creatinine removal and measures of gentamicin removal. Statistical analysis was performed using JMP for Windows (SAS Institute, Cary, NC). Parameters were considered statistically significant at P Ͻ 0.05.
Simulations
Population simulations with output noise were performed using the ADAPT II computer program (21) to evaluate the ability of several gentamicin dosing regimens to obtain effective peak concentrations while maintaining trough concentrations that are likely to avoid toxicity. Serum concentrations were simulated following 5 different gentamicin dosing regimens. The five gentamicin regimens were as follows: Regimen A, 2 mg/kg loading dose, followed by 1 mg/kg administered immediately after each dialysis session; Regimen B, 3.5 mg/kg loading dose, followed by 3.5 mg/kg administered 1 h before each dialysis session; Regimen C, 4 mg/kg loading dose, followed by 3 mg/kg administered 1 h before each dialysis session; Regimen D, 3.1 mg/kg loading dose, followed by 2.75 mg/kg administered immediately 1 h before each dialysis session; and Regimen E, 3 mg/kg loading dose, followed by 3 mg/kg administered immediately 1 h before each dialysis session. The dialysis regimen studied was a 2 d-2 d-3 d interdialytic period.
Each population simulation consisted of 500 simulated patients with the output error derived from our pharmacokinetic model using the mean Ϯ SD pharmacokinetic parameters (V c , V p , Cl s , Cl d , and Cl dial ) and variance parameters in this study. The serum concentrations were simulated for one wk after the first gentamicin dose and included 3 doses of gentamicin and 3 dialysis sessions. At each peak (30 min after the end of the 30 min infusion), the percent of simulated patients who achieved a target of Ն8 g/ml, predose or predialysis or predose concentration Ͻ2 g/ml, AUC Ն140 g/h per ml and AUC Յ240 g/h per ml 48 h postdose (14, 15) . The final predialysis or predose concentration was obtained 164 h after the initial dose or 72 h after the third dose because of the nature of the hemodialysis scheduling.
Results
Six males and two females completed the study. The median (range) ages and weights were: 51.5 years (39 -71 years) and 76 kg (37-84 kg), respectively. The median (range) dose of gentamicin was: 1.5 mg/kg (1.2 to 1.7 mg/kg). All subjects had been undergoing thrice-weekly hemodialysis for at least one year before participation.
Individual and group median gentamicin pharmacokinetic parameters are illustrated in Table 1 . Overall, there was good agreement between observed and model-derived serum concentrations. In all subjects taken together, 82% of the fitted data points were within 5% of the observed data points and 100% of the fitted data points were within 10.1% of the observed data points.
Individual and median estimates of gentamicin and urea dialytic clearance, amount of gentamicin removed, and gentamicin rebound characteristics are shown in Table 2 . The median (range) blood flow rates, dialysate flow rates, duration of dialysis, and hematocrits were: 400 ml/min (400 -450 ml/min), 600 ml/min (600 -800 ml/min), 4.0 h (3.5-4.0 h), and 35.4% (31.4%-47.1%), respectively. All subjects had been undergoing thriceweekly hemodialysis for at least one year before participation. As shown in Figure 1 
Discussion
The removal of gentamicin by hemodialysis is highly variable, depending on the dialyzers used, length of dialysis sessions, hemodialysis operating, and patient characteristics, etc. Gentamicin and other aminoglycosides have a narrow therapeutic index, and as such, optimization of therapy while minimizing the risk of toxicity is especially important for patients with Table 1 . Individual and median gentamicin pharmacokinetic parameter estimates and body weight in study subjects chronic kidney disease stage 5 requiring hemodialysis who have prolonged exposure to the drug. In addition, because the peak to MIC ratio or AUC/MIC ratio are the most important predictors of efficacy for aminoglycosides, opportunities to maximize therapeutic goals while minimizing risk of toxicity are essential (18) . Dosing guidelines (17) for gentamicin use in patients with chronic kidney disease receiving hemodialysis simply suggest that one half of the "full dose" should be given after hemodialysis. In this study, we determined the pharmacokinetics of gentamicin and its removal by a contemporary hemodialyzer in a group of otherwise healthy subjects with chronic kidney disease. We then performed simulations from the data with the ultimate goal of testing commonly used dosing regimens of gentamicin to develop a rational dosing method for this drug.
The pharmacokinetics of gentamicin in patients with chronic kidney disease have been reported numerous times in the literature and summarized (24) . The pharmacokinetic parameter estimates obtained in the current study are similar with those earlier papers. As expected, the systemic clearance is lower and terminal elimination half-life is longer than that reported in normal individuals. Although it is difficult to compare dialytic clearance values from study to study because of the differences noted above, the median dialytic clearance values of 103.5 ml/min are at least consistent with previous data using other contemporary hemodialyzers of similar permeability (5, 11) . In addition, in vitro dialytic clearances of gentamicin with the CAHP-210 hemodialyzer in our laboratory are comparable with these clearance values (25) .
Hemodialysis is generally dosed based on urea removal. Authors of Kidney Dialysis Outcomes Quality Initiative recommend a selected minimum Kt/V urea for all patients. Because of the variability that exists in gentamicin dialytic removal, knowledge of the relationship between gentamicin removal and urea removal is important to predict gentamicin removal. Because Kt/V urea is the most commonly used measure of dialysis adequacy, we sought to investigate the relationship be- tween gentamicin dialytic removal and urea dialytic removal. Alternatively, because creatinine is another commonly measured laboratory value to assess renal disease and dialytic clearance, it may also be a useful marker. As illustrated in Figure 1 , gentamicin dialytic clearance was statistically significantly predicted by creatinine dialytic clearance, but not the more clinically used Kt/V urea or urea reduction ratios. In addition, even though there was a statistically significant relationship between gentamicin clearance and both urea and creatinine clearance, it is not clear if either would be useful in predicting the first dose or subsequent doses of gentamicin. Studies investigating the relationship between measures of dialysis adequacy and gentamicin removal during per-dialysis dosing of gentamicin are necessary.
As has been reported in previous studies (2, 5, 26) , we observed substantial rebound of gentamicin concentrations after the discontinuation of hemodialysis. The median maximal percent increase in gentamicin concentrations was 38.7% and occurred a median of 3 hours after the completion of hemodialysis. Consistent with previous data (2, 5, 26) , the degree of rebound was extremely variable ranging from 0% to 70%. The rebound phenomenon is the result of the slower transfer of drug from the peripheral tissues to plasma than dialytic removal of the drug. The time to maximum rebound observed in this study differed from what has been reported in the literature. This difference is partially due to the change in the time of collecting gentamicin samples after hemodialysis. In this study, we collected data for 4 hours after dialysis, whereas others have collected blood samples for shorter time periods. Even with the extended sampling time to 4 hours after dialysis, 3 of the 8 subjects in this study had a time to maximum rebound of 4 hours, suggesting that a longer time period of collecting data after hemodialysis may be necessary to accurately assess the amount of gentamicin removed by hemodialysis. Our data are in contrast to a recent study (11) , which suggests that a single sample 1 h following dialysis incorporated into a Bayesian computer model allows adequate characterization of gentamicin rebound following hemodialysis.
Based on the pharmacokinetics of gentamicin and its removal by hemodialysis observed in this study, we simulated one commonly used gentamicin dosing strategy and 4 novel dosing regimens for patients receiving hemodialysis. Two of these regimens have been previously explored in an earlier publication (14, 15) , and one was found to be the most desirable for this type of dosing. We performed simulations, assuming a hemodialysis treatment scheme of 2 d-2 d-3 d intradialytic periods. Serum concentrations over the simulated one-wk period are illustrated in Figure 2 and Table 3 .
Aminoglycoside antibiotics are concentration-dependent bacteriocidal drugs and, as such, are most efficacious when high peak/MIC or AUC/MIC ratios are achieved (18) . Peak concentrations that exceed the MIC of susceptible organisms by 8-to 10-fold are associated with clinical response rates of Ն90% and can reduce the rates of emergence of aminoglycoside resistant mutants (18) . Extended interval or "once daily" dosing schemes are frequently used for aminoglycosides to maximize Table 3 . AUC, C max , and C min following the first, second, and third doses of gentamicin given before (Regimen A) or after (Regimens B-E) hemodialysis 
Ͻ2
Ͻ2 Targets represents those with AUC less than or equal to 240 g/h per ml, greater than or equal to 140 g/h per ml, and 140 to 240 g/h per ml; peak concentrations more than the target of 8 g/ml or those with minimum concentrations less than 2 g/ml.
the pharmacokinetic/pharmacodynamic relationships. These dosing schemes also allow for serum concentrations of aminoglycosides to fall well below toxic concentrations for large portions of the dosing interval and minimize exposure in the kidney and ear. Uptake of aminoglycosides into those tissues is more efficient at low sustained concentrations (i.e., troughs) rather than high intermittent concentrations (i.e., peaks) (18) . Because of the relatively long postantiobiotic effect that exists for aminoglycosides, in theory extended interval dosing schemes maximize efficacy and minimize toxicity.
Patients with chronic kidney disease receiving hemodialysis present dosing challenges. Extended interval aminoglycosides are not used routinely in this patient population because of the lack of intrinsic renal function and resultant reduced aminoglycoside clearance. The reduced renal clearance result in extended periods of elevated "trough" concentrations. Gentamicin dosing regimens in hemodialysis patients typically require dosing after each hemodialysis session. Failure to redose after each hemodialysis session results in prolonged periods of time when serum concentrations are just above or near the MIC of the organism resulting in poor bacteriocidal activity and potential development of resistance. Traditional gentamicin regimens used in patients with normal renal function typically are aimed at achieving peak concentrations Ն8 g/ml, depending on the site and severity of the infection, and trough concentrations that are less than 2 g/ml. We used these arbitrary cutoffs as our targets for peak and trough concentrations because no data exist in dialysis patients defining appropriate peak and "trough" concentrations.
Recent data in hemodialysis patients receiving aminoglycosides suggest that extended interval aminoglycosides may be a reasonable dosing method if the drugs are administered just before hemodialysis (14, 16) . This allows high peak concentrations followed by removal by hemodialysis, minimizing sustained elevated serum concentrations. Traditional gentamicin regimens used in patients with normal renal function typically were aimed at 24-h AUC between 70 and 120 g/h per ml (14, 15) , depending on the site and severity of the infection. Because no such data exist in dialysis patients, we used 48-h AUC values that were twice the 24-h AUC values for target values. This approach has been used previously (14, 15) . Tables  3 and 4 show the data from the simulations and indicate that target concentrations are achievable in patients with chronic kidney disease, receiving hemodialysis with the CAHP hemodialyzer. These results clearly suggest that the predialysis dosing of aminoglycosides is likely to be more effective and possibly less toxic than the postdialysis dosing. After the first dose, all regimens were effective in achieving peak concentrations greater than or equal to 8 g/ml (at least 99.8% Ն target). Subsequent doses were equally effective in the simulated patients receiving predialysis doses, at achieving the target but not in the conventional postdialysis regimen, where less than 50% of simulated patients achieved the target peak concentrations. Even with the higher doses administered in the predialysis group, all of the regimens and doses had substantially higher percentages of patients with minimum concentrations less than 2 g/ml as compared with the conventional dosing. A maximum 48-h AUC of 240 and a minimum AUC of 140 was proposed previously as reasonable targets in dialysis patients receiving gentamicin (14, 15) . As evidenced by the data in Tables 3 and 4, all average AUC data fall within the range of desirable AUCs. As expected, based on C max and C min observations, substantially more simulated patients receiving the predialysis dosing had AUCs within the target range than simulated patients receiving conventional dosing after hemodialysis. Those simulated patients were primarily outside the range because of excessive exposure rather than insufficient exposure.
Conclusion
Hemodialysis with the CAHP-210 hemodialyzer is highly effective in removing gentamicin. However, gentamicin clearance does not relate to urea clearance, Kt/V urea , or urea reduction ratio; consequently, the predictability of gentamicin dialytic clearance cannot be garnered from the urea removal indices. While creatinine dialytic clearance did significantly relate to gentamicin dialytic clearance, this relationship was not strong enough to serve as a surrogate for gentamicin monitoring. Gentamicin serum concentrations should be monitored to assure adequate care. Finally, in clinical situations where gentamicin is used as the primary therapy in a patient receiving hemodialysis with a CAHP hemodialyzer, loading doses of 2 mg/kg followed by maintenance doses of 1 mg/kg after each dialysis session are not as efficient at achieving pharmacokinetic/pharmacodynamic targets as predialysis dosing with larger doses, regardless of the regimen. Future studies should evaluate the use of prehemodialysis dosing of aminoglycosides in hemodialysis patients as this may maximize pharmacodynamic endpoints while minimizing exposure to aminoglycosides.
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